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Strength of Signaling by CD4 and CD8 Coreceptor
Tails Determines the Number but Not the Lineage
Direction of Positively Selected Thymocytes
by the CD4 and CD8 coreceptors themselves. Both CD4
and CD8 coreceptors enhance TCR signaling by two
mechanisms: (1) extracellularly, by stabilizing TCR inter-
actions with MHC/peptide complexes by virtue of CD4’s
binding to MHC class II and CD8’s binding to MHC class
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I (Doyle and Strominger, 1987; Norment et al., 1988;Bethesda, Maryland 20892
Potter et al., 1989; Salter et al., 1990); and (2) intracellu-†SAIC Frederick
larly, by colocalizing Lck protein tyrosine kinase mole-NCI-Frederick Cancer Research
cules and LAT adaptor molecules with engaged surfaceand Development Center
TCR complexes (Veillette et al., 1988; Barber et al., 1989;Frederick, Maryland 21702
Bosselut et al., 1999). It has also been proposed that
CD4 and CD8 coreceptors play a pivotal role in ensuring
differentiation of DP thymocytes into the appropriate TSummary
cell lineage, as coengagement of TCR with CD4 co-
receptor molecules by intrathymic MHC class II com-The present study has assessed the impact of the
plexes results in differentiation into CD4SP T cells, andintracellular domains of CD4 and CD8 on positive se-
coengagement of TCR with CD8 coreceptor moleculeslection and lineage direction of MHC class I–restricted
by intrathymic MHC class I complexes results in differ-thymocytes. Contrary to current presumption, we
entiation into CD8SP T cells (Janeway, 1988).found that the CD4 tail promotes the generation of
To explain how coreceptor molecules might influenceboth CD41 and CD81 T cells without preference for the
the differentiation of DP thymocytes into either the CD41CD41 T cell lineage. We also found that the identity of
or CD81 T cell lineage, it has been proposed that (1)the coreceptor tail and hence the strength of corecep-
SP thymocytes whose TCR and coreceptor complexestor signaling determine the number of thymocytes un-
have matching MHC specificities are the only ones todergoing positive selection but not their ultimate CD4/
receive a survival signal, termed “stochastic/selection”CD8 phenotype. These findings demonstrate that the
(Chan et al., 1993; Davis et al., 1993); or that (2) CD4strength of coreceptor signaling has a significant
and/or CD8 coreceptor molecules transduce lineage-quantitative but not qualitative impact on positive se-
specific differentiation signals that “instruct” DP thymo-lection and provide a simple explanation for the
cytes to differentiate into one or the other T cell lineagegreater numbers of CD41 than CD81 T cells selected
(Robey et al., 1991; Seong et al., 1992; Itano et al., 1996).in the normal thymus.
That coreceptors might transduce instructive signals
was indicated by experiments in which transgenic ex-
Introduction pression of chimeric CD8 molecules harboring the intra-
cellular tail of CD4 induced MHC class I–restricted thy-
A critical step in the development of T lymphocytes in mocytes to differentiate into CD4SP T cells (Seong et
the thymus involves the differentiation of CD41CD81 al., 1992; Itano et al., 1996). However, attempts at clarify-
double-positive (DP) thymocytes into either CD41 sin- ing how signals transduced by the tail of CD4 might
gle-positive (CD4SP) or CD81 single-positive (CD8SP) specifically instruct DP thymocytes to differentiate into
T cells (Robey and Fowlkes, 1994). The differentiation CD4SP T cells have failed to identify any unique lineage-
of DP thymocytes into SP T cells is referred to as positive specific signals and have instead relied on the observa-
selection and is mediated by MHC-specific TCR interac- tion that, in DP thymocytes, Lck preferentially associ-
tions, such that thymocytes expressing MHC class ates with the intracellular tail of CD4 rather than CD8,
I–specific TCR differentiate into CD8SP T cells, and thy- so that TCR/CD4 coengagement induces significantly
mocytes expressing MHC class II–specific TCR differen- stronger signals than TCR/CD8 coengagement (Veillette
tiate into CD4SP T cells (Sha et al., 1988; Teh et al., et al., 1989; Wiest et al., 1993, 1996). These observations
1988; Kaye et al., 1989). Matching TCR specificity with have led to the widely accepted “strength of signal”
CD4/CD8 coreceptor phenotype during intrathymic de- model of lineage commitment, which postulates that
velopment is critical for the competent functioning of strong TCR signals (such as those contributed by the
the mature T cell immune system. Understanding how CD4 tail) induce DP thymocytes to differentiate into
such concordance is achieved during differentiation in CD4SP T cells and that weak signals (such as those
the thymus remains a critically important unresolved contributed by the CD8a tail) induce DP thymocytes to
issue (Singer et al., 1999). Equally elusive has been an differentiate into CD8SP T cells (Itano et al., 1996).
Recently, we proposed a radically different view ofexplanation for why the thymus normally generates
positive selection and lineage determination in the thy-more CD4SP than CD8SP T cells.
mus, termed “kinetic signaling” (Brugnera et al., 2000).At the heart of these enigmas is the role performed
We proposed that DP thymocytes initially terminate CD8
transcription to become CD41CD82 intermediate thy-‡ To whom correspondence should be addressed (e-mail: singera@
mocytes in response to TCR signals, irrespective of thenih.gov).
specificity of the TCR or coreceptor molecules doing§ Present address: Laboratory of Immune Cell Biology, National Can-
cer Institute, Bethesda, Maryland 20892. the signaling, and that it is at the CD41CD82 intermedi-
Immunity
484
ate stage of differentiation that lineage direction is deter- enhancer sequences, ensuring expression in essentially
all thymocytes and mature T cells. To study the effectsmined simply by whether those TCR signals persist or
cease. If the initiating TCR signal persists in CD41CD82 of these CD8a transgenes on selection of thymocytes
expressing MHC class I–restricted TCRs, these CD8aintermediate thymocytes, despite diminished CD8 co-
receptor expression, the cells terminally differentiate transgenes were introduced into MHC class II0 and
CD8a0 double-deficient (II0CD8a0) mice. Surface expres-into CD4SP T cells; if the initiating TCR signal ceases in
CD41CD82 intermediate thymocytes, the cells undergo sion of aaa and aa4 transgenic proteins in II0CD8a0 mice
was quantitatively similar to that of endogenous CD8a“coreceptor reversal” and terminally differentiate into
CD8SP T cells. Coreceptor molecules play an important molecules in wild-type (CD8a1) mice, while surface ex-
pression of the aa0 transgenic protein was 1.5 timesrole in this perspective, as TCR signals that are depen-
dent upon CD8 coengagement (such as those induced higher (Figure 1). Notably, surface expression of CD8b
was reconstituted by each CD8a transgene (Figure 1),by MHC class I–specific TCR interactions) would cease
in CD41CD82 intermediate thymocytes because of di- demonstrating that aa0, aaa, and aa4 transgenic pro-
teins were all able to assemble with endogenous CD8bminished CD8 expression, causing the cells to differenti-
ate into CD8SP T cells, whereas TCR signals that are molecules.
As coreceptor function depends on intracellular asso-not dependent upon CD8 coengagement (such as those
induced by MHC class II–specific TCR interactions) ciation with Lck, we assessed transgenic CD8 com-
plexes immunoprecipitated by anti-CD8a mAb from thy-would persist in CD41CD82 intermediate thymocytes,
causing the cells to differentiate into CD4SP T cells. mocyte lysates for associated Lck molecules (Figure
2A). As expected, aa0 complexes lacked Lck, whereasThus, the kinetic signaling model proposes that co-
receptors play a central role in determining lineage di- aaa and aa4 complexes were both associated with Lck
(Figure 2A, lanes 3–5). Importantly, aa4 complexes wererection but by a very different mechanism than has been
proposed previously. associated with greater amounts of Lck than were aaa
complexes (Figure 2A, lanes 3 and 5), consistent withThe present study was undertaken to reassess the
role performed by coreceptor molecules and the impact Lck’s greater binding affinity for the tail of CD4 than
CD8a. To document that quantitative differences in Lckof signals transduced by their intracellular tails on the
lineage direction of thymocytes expressing MHC class association to aa4 versus aaa CD8 complexes were
biologically meaningful, we examined CD5 surface lev-I–restricted TCR. Previous studies have demonstrated
that chimeric CD8a molecules harboring the intracellular els on preselection thymocytes, as they reflect the inten-
sity of intrathymic signaling (Dutz et al., 1995). CD5 ex-tail of CD4 induced MHC class I–restricted thymocytes
to differentiate into CD4SP T cells (Seong et al., 1992; pression was increased in II0CD8a0 mice by both aa4
and aaa transgenes but was increased to higher levelsItano et al., 1996), but they did not assess the possibility
that such chimeric molecules might be equally efficient by the aa4 transgene than the aaa transgene (Figure
2B), paralleling quantitative differences in Lck associ-at promoting thymocytes to differentiate into CD8SP T
cells. The present study now demonstrates that signals ation.
transduced by the CD4 tail promote the differentiation
of thymocytes into both CD41 and CD81 T cell lineages,
without preference for CD4SP T cells. Indeed, the pres- The Identity of the Coreceptor Tail Influences the
Number but Not the Lineage Direction of Thymocytesent results lead to the striking conclusion that the iden-
tity of the coreceptor tail and hence the strength of Signaled to Undergo Positive Selection
II0CD8a0 mice reconstituted with the three differentcoreceptor signaling determine the number of DP thy-
mocytes signaled to undergo positive selection but not CD8a-derived transgenes provided a potentially power-
ful tool for assessing the importance of signals trans-their lineage direction. Instead, lineage direction may be
influenced by the persistence or cessation of coreceptor duced by the coreceptor tail for differentiation of thymo-
cytes expressing MHC class I–restricted TCRs. Toexpression during positive selection. Thus, the present
study provides a novel perspective of coreceptor func- assess intrathymic development in such transgenic
mice, we phenotyped their thymocytes for surface ex-tion during T cell development and provides a simple
explanation for the greater numbers of CD41 than CD81 pression of CD4 and endogenous CD8b molecules (Fig-
T cells that are normally generated during differentiation ure 3A). As previously observed (Fung-Leung et al.,
in the thymus. 1993), it was evident that an intracellular domain on
CD8a was important for positive selection of most MHC
class I–restricted thymocytes, since very few SP T cellsResults
were generated in aa0 compared to aaa transgenic mice
(Figure 3A, groups 4 and 5). The SP T cells that wereExpression of CD8a Molecules with Different
generated in the aaa mice were overwhelmingly CD8SPCytosolic Tails
(Figure 3A, group 5). Interestingly, the ability to promoteTo assess the influence of signals transduced by the
differentiation of MHC class I–restricted thymocytes intoCD4 and CD8a coreceptor tails on positive selection
CD8SP T cells was not unique to the CD8a tail, as CD8SPand lineage direction in developing thymocytes, we con-
T cells were also generated in aa4 transgenic mice (Fig-structed transgenes encoding CD8a molecules that
ure 3A, group 6). In fact, the number of CD8SP thymo-contain (1) no intracellular tail (referred to as aa0), (2)
cytes generated in aa4 transgenic mice was greaterthe intracellular tail of CD8a (aaa), or (3) the intracellular
than in aaa transgenic mice (Figure 3A, compare groupstail of CD4 (aa4) (Figure 1). Transcription of these trans-
genes was driven by human CD2 (hCD2) promoter/ 5 and 6; Table 1A). The CD8SP T cells generated in aa4
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Figure 1. CD8 Derivatives Used in the Present Study
CD8a-derived constructs used in the present study are schematically depicted by a three-bar symbol indicating the origin of their extracellular,
transmembrane (tmb), and intracellular domains (open, CD8a; filled, CD4). All CD8a transgenes encoded the extracellular and transmembrane
domains of CD8a but differed in their intracellular domain: aa0 lacked an intracellular domain, aaa encoded the intracellular domain of CD8a,
and aa4 encoded the intracellular domain of CD4. All CD8a transgenes were CD8a.1 and so could be distinguished from endogenously
encoded CD8a.2 molecules. All cDNAs were introduced in an hCD2-based transgenic vector, which directs expression in immature thymocytes
and in mature T cells (Greaves et al., 1989; Love et al., 1994; Shores et al., 1994). Surface expression of CD8a and CD8b was assessed by
immunofluorescence and flow cytometry on thymocytes from II0CD8a0 wild-type or transgenic mice (right). CD8a staining intensities were
quantified on CD81 cells and expressed in relative fluorescence units in which CD8a staining of wild-type thymocytes was set equal to 100.
transgenic mice resembled CD8SP T cells from normal promote differentiation of thymocytes expressing an
MHC class I–restricted TCR into the CD81 T cell lineage,wild-type mice in TCR-Vb usage and in expression of
TCR, CD5, CD24, and Qa-2 differentiation markers (data we assessed the ability of the CD4 tail to promote differ-
entiation of MHC class I–restricted thymocytes into thenot shown).
The unexpectedly greater numbers of CD8SP T cells CD41 T cell lineage. As can be seen in Figure 3A and
Table 1A, relatively few MHC class I–restricted CD4SPpositively selected by the CD4 tail compared to the
CD8a tail were even observed for thymocytes express- thymocytes were detected in the thymus of II0CD8a0
mice expressing the aa4 transgene. However, rarely se-ing a single MHC class I–restricted TCR specificity, the
HY TCR (Figure 3B). Thymocytes positively selected by lected thymus populations can accumulate in the
spleens, where they can be more easily detected. In-the HY TCR differentiate into CD8SP T cells and express
high levels of the clonotypic determinant T3.70 (Teh deed, spleens of aa4 transgenic mice did contain small
but significant numbers of CD4SP T cells (Table 1B),et al., 1988). As observed for thymocytes expressing
endogenous TCR (Figure 3A), differentiation of HY thy- and these CD4SP T cells were more numerous than in
aa0 transgenic mice. Thus, the CD4 tail does promotemocytes into T3.70hi CD8SP T cells required an intracel-
lular tail on CD8a, as few T3.70hi CD8SP T cells were the differentiation of some MHC class I–restricted thy-
mocytes into the CD41 T cell lineage.generated in aa0 mice compared to aaa mice (Figure
3B). Strikingly, however, the CD4 tail was even more If the CD4 tail preferentially directed MHC class
I–restricted thymocytes toward the CD41 T cell lineage,effective at promoting the generation of T3.70hi CD8SP
T cells than was the CD8a tail, as aa4 transgenic mice the CD4 tail should signal the generation of more CD4SP
T cells than CD8SP T cells. However, in comparing num-contained more than twice the number of T3.70hi CD8SP
T cells present in aaa transgenic mice. bers of CD4SP versus CD8SP T cells in the thymus and
spleen of aa4 transgenic mice, it was evident that theHaving demonstrated that the CD4 tail can efficiently
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Figure 2. The Coreceptor Tail Influences In-
tracellular Associations with Lck and the In-
tensity of Intrathymic Signaling
(A) Thymocytes were assessed for CD8a-
associated Lck by immunoprecipitation and
immunoblotting. Aliquots of cell lysates were
also immunoblotted to assess total Lck con-
tent. Densitometric scanning of the film indi-
cated that the amount of Lck associated with
aa4 molecules was four times greater than
that associated with aaa molecules. Total
cellular Lck was within a 2-fold range for all
cell lysates. Note that the pan anti-CD8a im-
munoprecipitating mAb used in these experi-
ments immunoprecipitated endogenous
CD8a.2 molecules from II0 thymocytes (lane
1) and immunoprecipitated transgenic
CD8a.1 molecules from CD8 transgenic
II0CD8a0 thymocytes (which lack endogenous
CD8a.2 molecules) (lanes 3–5).
(B) The CD4 tail increases the intensity of in-
trathymic signals relative to the CD8a tail,
as indicated by surface CD5 expression on
preselection thymocytes. Thymocytes from
wild-type and transgenic II0CD8a0 mice were
analyzed by three-color immunofluorescence
and flow cytometry for CD4, CD5, and CD8b
surface expression. Shown are single-param-
eter histograms of CD5 staining on electroni-
cally gated CD41CD8b2 thymocytes from
wild-type II0CD8a0 mice (shaded curve) and
on electronically gated CD41CD8b1 DP thy-
mocytes from transgenic II0CD8a0 mice (aaa
transgene, dashed line; aa4 transgene, solid
line). CD5 surface expression was quantified
in relative fluorescence units, with CD5 ex-
pression on preselection thymocytes from
nontransgenic II0CD8a0 mice set equal to 100.
CD4 tail promoted more MHC class I–restricted T cells Contribution of Coreceptor Tails to CD41
T Cell Differentiationto differentiate into CD8SP T cells than into CD4SP T
cells (Figure 4; Table 1). Thus, the CD4 tail does not Transgenic aa4 coreceptor molecules only promoted
small numbers of MHC class I–restricted thymocytes topreferentially promote differentiation of thymocytes into
CD4SP rather than CD8SP T cells. differentiate into CD4SP T cells, and transgenic aaa
coreceptors were even less effective (Table 1). To under-Comparing the CD4 tail versus the CD8a tail, it was
evident that the CD4 tail was more effective than the stand these findings, we considered that differentiation
into CD4SP T cells might not only involve coreceptorCD8a tail in promoting the generation of CD4SP T cells,
as aa4 mice had more CD4SP T cells than aaa mice signaling in DP thymocytes but might require coreceptor
signaling throughout positive selection. If this were the(Figure 4; Table 1). Importantly, however, it was also
evident that the CD4 tail was more effective than the case, most MHC class I–restricted thymocytes would
fail to differentiate into CD4SP T cells, because CD4SPCD8 tail in promoting the generation of CD8SP T cells,
as aa4 mice had more CD8SP T cells than aaa mice differentiation necessarily arrives at a point where ex-
pression of endogenous CD8 molecules is terminated.(Figure 4; Table 1).
Together, these experiments demonstrate several In CD8a transgenic mice, only endogenous CD8b ex-
pression would be terminated, but this would result inpoints critical for understanding the role performed by
the coreceptor tail in positive selection and lineage com- significantly reduced CD8 coreceptor function, as CD8
coreceptor function is predominantly mediated bymitment: (1) positive selection of most MHC class
I–restricted thymocytes is dependent upon signaling by CD8ab heterodimers rather than CD8aa homodimers
(Crooks and Littman, 1994; Fung-Leung et al., 1994;the intracellular domain of surface CD8a molecules; (2)
the CD4 tail promotes the differentiation of more SP T Bosselut et al., 2000). Consequently, it would be pre-
dicted that introduction of both CD8a and CD8b trans-cells of both T cell lineages than does the CD8a tail;
and (3) signaled thymocytes whose differentiation is pro- genes would force persistent expression of both CD8a
and CD8b proteins and would force persistent CD8 co-moted by the CD4 tail are not more likely to differentiate
into CD4SP T cells than into CD8SP T cells. We conclude receptor functioning throughout positive selection, en-
hancing differentiation of MHC class I–restricted thymo-that signals transduced by the CD4 coreceptor tail influ-
ence the numbers of thymocytes signaled to undergo cytes into CD4SP T cells.
To assess the effect of transgenic CD8ab proteins onpositive selection but not their lineage direction.
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Figure 3. The CD4 Tail Promotes the Generation of MHC Class I–Restricted CD8SP Thymocytes
(A) The CD4 tail is more effective than the CD8a tail in promoting the generation of MHC class I–restricted CD8SP thymocytes. Thymocytes
from the indicated mouse strains were analyzed by three-color immunofluorescence and flow cytometry for expression of CD4, CD8a, and
CD8b. In thymocytes, expression of endogenous CD8b parallels expression of endogenous CD8a so that expression of CD8b is limited to
DP and CD8SP cells, even in CD8a transgenic mice in which all thymocytes express transgenic CD8a molecules. Two-color contour plots
for CD4 versus CD8b staining are shown, and the numbers indicate the percentage of cells present in that box. The absolute number of
CD8SP thymocytes in each mouse was determined by multiplying the total number of viable thymocytes by the percentage of TCRhiCD42CD8b1
thymocytes.
(B) Thymocytes from HY TCR CD8a0 female mice or from HY TCR CD8a0 female mice expressing the indicated CD8 transgenes were stained
for CD4, CD8b, and T3.70 (the clonotypic HY TCR specificity). Two-color contour plots for CD4 versus CD8b are shown for all thymocytes
and for T3.70hi thymocytes. Numbers indicate the percentage of cells within the indicated box. Absolute numbers of T3.70hiCD8SP thymocytes
are shown for each individual mouse. It might be noted that CD42CD82 cells are reduced in HY aa4 transgenic mice, probably reflecting
enhanced signaling by the aa4 transgene early in thymocyte differentiation. Results shown are representative of two to four mice.
differentiation of MHC class I–restricted CD4SP T cells, cells in the thymus as well as in the spleen of CD8ab
double transgenic mice. However, we found that it waswe generated II0CD8a0 mice that coexpressed both
CD8a and CD8b transgenes. We found that coexpres- not possible to accurately distinguish preselection DP
thymocytes from postselection CD4SP thymocytes insion of aa4 and CD8b transgenes significantly increased
the frequency and number of MHC class I–restricted CD8ab double transgenic II0CD8a0 mice, as both sub-
populations contained significant numbers of cells ap-CD4SP spleen T cells relative to expression of the aa4
transgene alone and that coexpression of aaa and CD8b pearing identically TCRhiCD24int/hiCD41CD8a.11CD8b1
(data not shown). In contrast, in CD8ab double trans-transgenes significantly increased the frequency and
number of MHC class I–restricted CD4SP spleen T cells genic II0 mice expressing endogenous CD8ab genes,
preselection and postselection thymocytes could berelative to expression of the aaa transgene alone (Figure
5A), a result consistent with those obtained previously distinguished with certainty by differential expression of
endogenously encoded CD8a.2 surface proteins. Conse-(Chan et al., 1994; Itano et al., 1994). To verify that persis-
tent expression of both CD8a and CD8b transgenes quently, we performed this final analysis in II0CD8a.21b1
mice. Indeed, we found that coexpression of both CD8aenhanced differentiation of MHC class I–restricted thy-
mocytes into CD4SP T cells, we wished to examine T and CD8b transgenes significantly increased the num-
Immunity
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Table 1. T Cell Subsets II0CD8a0-Expressing CD8a-Derived Transgenes
Cell Numbersa (3 1026)
CD8a
Strain Transgene Total CD42CD82 CD41CD81 CD41CD82 CD42CD81
A. Thymus
II0CD8a0 — 140 6 27 NA NA NA NA
II0CD8a0 aa0 126 6 26 2.8 6 0.7 118 6 24 0.5 6 0.2 0.3 6 0.1
II0CD8a0 aaa 115 6 25 2.1 6 0.3 107 6 24 0.2 6 0.05 2.5 6 0.5
II0CD8a0 aa4 161 6 28 2.5 6 0.3 143 6 24 1.4 6 0.3b 5.9 6 1.0b
B. Spleen
II0CD8a0 — NA NA
II0CD8a0 aa0 1.4 6 0.3 5.15 6 1.1
II0CD8a0 aaa 0.9 6 0.1 10.8 6 0.8
II0CD8a0 aa4 5.1 6 0.5c 22.9 6 3.5c
a Cell numbers are expressed as average (6 SEM) of four to six mice and, for CD41CD82 and CD42CD81 T cells, are graphically displayed in
Figure 4.
b Numbers of CD41CD82 and CD42CD81 thymocytes in aa4 mice were significantly greater than those in aa0 or aaa mice (p , 0.05 by two-
tailed Student’s t test).
c Numbers of CD41CD82 and CD42CD81 splenocytes in aa4 mice were significantly greater than those in aa0 or aaa mice (p , 0.025 by two-
tailed Student’s t test).
bers of CD4SP thymocytes and spleen T cells relative on both CD41 T cell differentiation and CD81 T cell
differentiation could be directly compared. Strikingly,to expression of the CD8a transgene alone, regardless
of whether the CD8a transgene was aaa or aa4 (Fig- the present study reveals that the identity of the co-
receptor tail influences the number of thymocytes sig-ure 5B).
naled to undergo positive selection, but it does not influ-
ence the T cell lineage into which they differentiate.Discussion
Because of its greater contribution to TCR signaling,
the CD4 tail promotes the positive selection of more SPThe present study has assessed the contribution of sig-
nals transduced by different coreceptor tails to positive T cells than does the CD8a tail, even for thymocytes
expressing a single MHC class I–restricted TCR specific-selection and lineage commitment of MHC class I–
restricted thymocytes, but, unlike earlier studies, it uti- ity, regardless of the lineage of the selected T cells.
Indeed, the present study indicates that differentiationlized II0CD8a0 double knockout mice so that trans-
genically engineered CD8a molecules were the only of MHC class I–restricted thymocytes into the CD41 T
cell lineage is not a function of either coreceptor tail butCD8a coreceptor proteins expressed and their effects
Figure 4. The CD4 Tail Does Not Preferen-
tially Promote the Generation of CD41 T Cells
Displayed is a graphical representation from
Table 1 of the numbers of CD4SP and CD8SP
T cells in thymi and spleens of II0CD8a0 mice
expressing aa0, aaa, or aa4 transgenes.
Comparing numbers of CD8SP versus
CD4SP T cells in aa4 mice, it is evident that
the CD4 tail promoted the generation of more
CD8SP than CD4SP T cells. Comparing aa4
versus aaa mice, it is evident that the CD4
tail promoted the generation of more SP T
cells (both CD4SP and CD8SP) than the CD8a
tail.
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is significantly enhanced by persistent CD8ab corecep-
tor expression throughout positive selection. Thus, the
present study identifies an entirely novel role for co-
receptors in positive selection and lineage determina-
tion and suggests quantitative differences in coreceptor
signaling as the basis for the greater number of CD41
than CD81 T cells selected during differentiation in the
normal thymus.
The Coreceptor Tail Does Not Determine
Lineage Choice
Previous studies addressing the role of coreceptor tails
in lineage determination found that expression of the
aa4 transgene resulted in differentiation of some num-
ber of MHC class I–restricted thymocytes into the CD41
T cell lineage (Seong et al., 1992; Itano et al., 1996), and
the present study confirms those observations. The key
novel observations in the present study are that co-
receptor signaling through the CD4 tail also promotes
differentiation of MHC class I–restricted thymocytes into
the CD81 T cell lineage, that it does so even more effi-
ciently than coreceptor signaling through the CD8a tail,
and that it does so even for thymocytes expressing a
single TCR, the HY TCR. By expressing CD8a transgenic
constructs in II0CD8a0 mice lacking endogenous CD8a
molecules, the present study could unambiguously as-
sess the ability of CD8a transgenes harboring the CD4
tail to promote the differentiation of MHC class
I–restricted thymocytes into either the CD41 or CD81 T
cell lineages. Thus, the present study demonstrates that
the CD4 coreceptor tail imposes no lineage preference
on developing thymocytes, as it promotes differentiation
of thymocytes into either CD41 or CD81 T cell lineages,
contradicting the prevailing concept that coreceptor sig-
nals transduced by the CD4 tail (because they are
stronger than coreceptor signals transduced by the
CD8a tail) preferentially direct differentiation of imma-
ture thymocytes into the CD41 T cell lineage (Itano et
al., 1996; Basson et al., 1998).
The Coreceptor Tail Influences the Number
of SP T Cells Generated
Because the CD4 tail associates with Lck more effi-
ciently than does the CD8a tail, the CD4 tail promotesFigure 5. Persistent CD8ab Expression Promotes the Generation of
TCR signaling more efficiently than does the CD8a tailMHC Class I–Restricted CD4SP T Cells
(Veillette et al., 1989; Wiest et al., 1993, 1996). Conse-(A) Transgenic expression of both CD8a and CD8b proteins results
quently, the CD4 tail would increase TCR signaling inten-in increased numbers of CD41 T cells in the spleens of II0CD8a0
mice. Splenocytes from II0CD8a0 mice expressing the indicated sity in individual thymocytes relative to the CD8a tail, an
transgenes were stained for CD4 and CD8a. In these profiles, CD4SP expectation consistent with our observation that surface
T cells appear as CD41CD8a1 cells because of expression of the CD5 levels on immature thymocytes were higher in aa4
CD8a transgene, and CD8SP T cells appear as CD42CD8a1 cells. mice than aaa mice. Not predicted, however, was our
Numbers in each box indicate the percentage of total cells in that
observation that the CD4 tail promotes the differentia-box. Absolute numbers of CD4SP and CD8SP splenocytes are also
tion of more CD8SP T cells than the CD8a tail, even forshown. Coexpression of both CD8a and CD8b transgenes increased
the generation of CD4SP T cells relative to expression of the CD8a thymocytes expressing a single MHC class I–restricted
transgene alone, regardless of the origin of the coreceptor tail. TCR, the HY TCR.
(B) Transgenic expression of both CD8a and CD8b proteins in- Consequently, it is necessary to consider how quanti-
creases the generation of CD4SP T cells in the thymus and their tative differences in the ability of the CD4 and CD8a
representation in the spleen. Thymocytes and splenocytes from
tails to promote TCR signal transduction can impact onII0CD8a1b1 expressing the indicated transgenes were stained
the number of thymocytes signaled to undergo positivefor CD4, CD8a.2 (endogenous CD8a), and TCRb. Numbers of
TCRbhiCD4SP (CD41CD8a.22) were obtained by automated cluster selection. TCR signal transduction in developing DP thy-
analysis (see Experimental Procedures). mocytes is highly inefficient for a number of reasons:
DP thymocytes express relatively few surface TCR com-
plexes, many TCR ITAMs in DP thymocytes are constitu-
Immunity
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Figure 6. Schematic Representation of the Kinetic Signaling Model of Lineage Determination and the Effect of CD8 Transgenes on Lineage
Direction
(A) The kinetic signaling model is imposed on an idealized two-color thymocyte plot. This model postulates that DP thymocytes signaled by
their TCR to undergo positive selection initially terminate CD8 gene transcription and differentiate into CD41CD82 intermediate thymocytes
(that appear phenotypically as CD41CD8lo cells), regardless of the MHC specificity of the initiating TCR signal. Lineage direction is then
determined in CD41CD82 intermediate thymocytes by whether the initiating TCR signal persists or ceases. If TCR signaling persists, CD41CD82
intermediate thymocytes continue their differentiation into CD4SP T cells. However, if TCR signaling ceases, CD41CD82 intermediate thymo-
cytes undergo coreceptor reversal that is mediated by intrathymic cytokines, such as IL-7, and differentiate into CD8SP T cells.
(B) Effects of CD8 transgenes on lineage choices. In II0CD8a0 mice expressing a CD8a transgene (B1), DP thymocytes expressing MHC class
I–restricted TCR are signaled to terminate endogenous CD8 transcription and differentiate into CD41CD82 intermediate thymocytes. Despite
persistent expression of transgenic CD8a proteins, transcription of endogenous CD8b proteins is terminated. The consequent loss of endoge-
nous CD8b surface proteins disrupts most MHC class I–restricted TCR signaling in CD41CD82 intermediate thymocytes, causing the cells to
differentiate into CD8SP T cells. In II0CD8a1 mice coexpressing both CD8a and CD8b transgenic proteins, DP thymocytes signaled by MHC
class I–restricted TCR have two alternative fates (B2a and B2b). Signals generated by MHC class I–restricted TCR that happen to be coengaged
with CD8ab transgenic proteins would persist throughout the CD41CD82 intermediate stage of differentiation, resulting in differentiation into
MHC class I–restricted CD4SP T cells (B2a). However, signals generated by MHC class I–restricted TCR that happen to be coengaged with
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tively phosphorylated and bound by inactive ZAP-70 sion of CD8a alone, suggesting a requirement for en-
gagement of CD8ab coreceptors at a point late inmolecules, etc. (Nakayama et al., 1989; van Oers et al.,
1994; Wiest et al., 1996). The net result is that TCR signal CD4SP T cell differentiation after expression of endoge-
nous CD8b has ceased.transduction in DP thymocytes is inefficient and highly
dependent on the contribution of coreceptor molecules The requirement for persistent CD8 coreceptor func-
tion throughout positive selection of MHC class I–restricted(Wiest et al., 1996). Consequently, intrathymic TCR en-
gagements are inefficient in their signaling of positive CD4SP T cells would seem to be at odds with the ap-
pearance of any CD4SP T cells in aa4 single transgenicselection, even in DP thymocytes expressing appro-
priate TCR, with relatively few of the eligible thymocytes mice, as endogenous CD8b expression could not have
persisted throughout positive selection. However, theresuccessfully receiving TCR-induced positive selection
signals (Huesmann et al., 1991). Thus, by increasing the are some TCR whose dependence on CD8 coreceptor
function does not require CD8b (Crooks and Littman,efficiency of TCR signal transduction in individual DP
thymocytes, the CD4 coreceptor tail increases the num- 1994; Fung-Leung et al., 1994; Bosselut et al., 2000).
Thus, the CD4SP T cells that appear in aa4 single trans-ber of DP thymocytes that are successfully signaled
to undergo positive selection, thereby increasing the genic mice likely express such CD8b-independent TCR.
In this regard, CD8b-independent CD4SP T cells arosenumber of SP T cells that are generated.
Interestingly, these observations provide a very sim- in greater numbers in aa4 than aaa single transgenic
mice, probably because the ability of Lck to associateple explanation for the greater number of CD41 T cells
compared to CD81 T cells normally generated in the with the CD4 tail is independent of CD8b, whereas the
ability of Lck to associate with the CD8a tail is highlythymus. To account for the preponderance of CD41 T
cells in the normal thymus, it might be considered that CD8b dependent (Irie et al., 1995, 1998; Bosselut et al.,
2000). As a consequence, termination of endogenouspeptide/MHC class II selecting complexes are more sta-
ble than peptide/MHC class I selecting complexes or CD8b expression late in positive selection of MHC class
I–restricted CD4SP T cells does not affect Lck signalingthat MHC class II–restricted TCR arise more frequently
on preselection thymocytes than MHC class I–restricted by aa4 coreceptor molecules, but it essentially abro-
gates Lck signaling by aaa coreceptor molecules, re-TCR. But no evidence exists to support either of these
possibilities. In contrast, our present observations indi- sulting in greater numbers of CD8b-independent CD4SP
T cells in aa4 than aaa mice.cate that many more DP thymocytes are successfully
signaled by their TCR to undergo positive selection The importance of persistent coreceptor function for
positive selection of CD4SP T cells is a prediction ofwhen the coengaged coreceptor molecule harbors the
CD4 tail rather than the CD8a tail. Of course, under our kinetic signaling model (schematized in Figure 6A)
(Brugnera et al., 2000). The kinetic signaling model pro-normal circumstances, the CD4 tail is only involved in
MHC class II–restricted TCR/CD4 coengagements, poses that TCR-signaled DP thymocytes initially termi-
nate CD8 transcription to become CD41CD82 intermedi-while the CD8a tail is involved in MHC class I–restricted
TCR/CD8 coengagements. Thus, involvement of the ate thymocytes and that lineage direction is determined
in such CD41CD82 intermediate thymocytes by whetherCD4 tail rather than the CD8a tail in TCR signal transduc-
tion is sufficient by itself to explain why more DP thymo- the stimulatory TCR signal persists or ceases. CD8 co-
receptor molecules play a central role in lineage deter-cytes differentiate into CD41 T cells than CD81 T cells
in a normal thymus. mination, as CD8-dependent TCR signals cease upon
differentiation of DP thymocytes into CD41CD82 inter-
mediate cells because of diminished CD8 protein ex-Lineage Determination and Kinetic Signaling
The present study demonstrates that the lineage direc- pression, and it is the cessation of TCR signaling in
CD41CD82 intermediate thymocytes that leads to theirtion of MHC class I–restricted thymocytes is not deter-
mined by the identity of the coreceptor tail but is influ- differentiation into CD8SP T cells. In contrast, CD8-inde-
pendent TCR signals persist in CD41CD82 intermediateenced by whether CD8 coreceptor function persists
throughout positive selection or not. The latter point thymocytes, causing CD41CD82 intermediate thymo-
cytes to complete their differentiation into CD4SP Tderives from the observation that transgenic expression
of both CD8a and CD8b is significantly more effective cells.
Not predicted by the kinetic signaling model was ourat promoting differentiation of MHC class I–restricted
thymocytes into CD4SP T cells than transgenic expres- observation that most MHC class I–restricted SP T cells
one or both CD8ab endogenous proteins would cease at the CD41CD82 intermediate stage of differentiation, resulting in differentiation into
MHC class I–restricted CD8SP T cells (B2b).
(C) Strength of coreceptor signaling by different coreceptor tails determines the numbers of thymocytes signaled to undergo positive selection
without influencing their CD4/CD8 lineage choice. TCR signal transduction in DP thymocytes is highly dependent on the ability of the coreceptor
tail to physically approximate Lck with engaged TCR surface complexes. Consequently, tailless coreceptor molecules do not enhance TCR
signal transduction in DP thymocytes, so that relatively few DP thymocytes can be signaled by their TCR to further differentiate. In contrast,
both the CD8a and CD4 coreceptor tails do enhance TCR signal transduction and so do promote the further differentiation of TCR-signaled
DP thymocytes. Importantly, the CD4 tail is significantly more potent than the CD8a tail, resulting in greater numbers of DP thymocytes being
signaled by their TCR. As a result, for any given TCR specificity, the CD4 tail promotes the positive selection of more DP thymocytes than
does the CD8a tail. These signaled DP thymocytes differentiate into greater numbers of CD41CD82 intermediate thymocytes, and, depending
on whether their TCR signals persist or cease, these intermediate cells differentiate into either CD41 or CD81 SP T cells. Thus, for any given
TCR specificity, the CD4 tail promotes the generation of more SP T cells (both CD4SP and CD8SP) than does the CD8a tail.
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in CD8ab double transgenic mice were CD81 rather than pendent TCR signals lead to CD41 T cells because such
signals persist throughout positive selection despite di-CD41, despite persistent transgenic CD8ab expression.
However, there are at least two explanations for the minished surface CD8 coreceptor expression at the
CD41CD82 intermediate stage of differentiation. Recip-presence of CD81 T cells in CD8ab double transgenic
mice. First, CD8ab double transgenic mice necessarily rocally, TCR signals that are highly dependent on co-
receptor coengagements lead to CD81 T cells becauseexpress endogenously encoded CD8 proteins in addi-
tion to transgenic CD8 proteins, as CD8a0b0 double such signals cease at the CD41CD82 stage of positive
selection as a result of diminished CD8 coreceptor ex-knockout mice do not yet exist. Consequently, CD8 co-
receptor expression unavoidably declines in CD8ab pression. Thus, we think that modulation of intracellular
Lck activity levels influence CD4/CD8 lineage decisionsdouble transgenic mice upon termination of endoge-
nous CD8 gene transcription, resulting in cessation of because they alter TCR dependence on CD4/CD8 co-
engagements and not because they provide lineage-highly CD8-dependent TCR signaling at the intermediate
CD41CD82 stage of development and leading to differ- specific instructions.
Our present observations and perspective are alsoentiation into CD81 T cells (schematized in Figure 6B).
Second, some DP thymocytes may express TCR whose quite consistent with the recent report that lineage direc-
tion is a function of the duration of TCR signaling in DPinteraction with their selecting ligand is too transient
to sustain TCR signaling throughout the intermediate thymocytes, with CD41 T cell differentiation resulting
from long TCR signals and CD81 T cell differentiationCD41CD82 stage of development, and these thymo-
cytes will differentiate into CD81 T cells because their resulting from short TCR signals (Yasutomo et al., 2000).
However, on an experimental basis, it may be difficultTCR signals cease, regardless of whether CD8ab ex-
pression persists. Indeed, the HY transgenic TCR may to distinguish TCR signal persistence from TCR signal
strength. In the present study, this was true for ex-be an example of such a TCR, as HY thymocytes report-
edly differentiate into CD81 T cells despite continuous periments assessing the appearance of MHC class
I–restricted CD41 T cells in CD8ab double transgenicexpression of both CD8a and CDb transgenic proteins
(Itano et al., 1996). Whether these explanations turn out mice. Because CD8a0CD8b0 double knockout mice do
not yet exist, double CD8ab transgenic mice thymocytesto be correct or not will be determined by future experi-
ments. necessarily expressed endogenously encoded CD8a
and/or CD8b proteins in addition to CD8ab transgenicWe interpret our present observations as schematized
in Figure 6C. By enhancing TCR signal transduction in proteins and so expressed quantitatively more CD8a
and/or CD8b proteins than wild-type thymocytes. Con-DP thymocytes undergoing positive selection, the CD4
tail promotes more DP thymocytes of any given TCR sequently, the appearance of MHC class I–restricted
CD41 T cells in CD8ab double transgenic mice mightspecificity to be signaled to differentiate into intermedi-
ate CD41CD82 cells than does the CD8a tail. Because be attributed to increased (rather than persistent) CD8
expression, resulting in stronger (rather than persistent)each intermediate CD41CD82 thymocyte retains the po-
tential to differentiate into either T cell lineage, the end TCR signaling in the thymus (Itano et al., 1996). Impor-
tantly, however, our other experimental observationsresult is that the CD4 tail promotes the generation of
more SP T cells of either lineage than can be accom- directly contradict predictions of the strength of signal
model, including our observation that the CD4 tail pro-plished by the CD8a tail, without preferentially promot-
ing differentiation into either T cell lineage. motes the generation of SP T cells without preference
for either T cell lineage.
In conclusion, the present study demonstrates thatConclusions
the identity of the coreceptor tail and hence the strengthHow do our present observations and conclusions com-
of coreceptor signals determine the number of devel-pare with those reported recently? Recent studies sug-
oping thymocytes successfully signaled to undergogested that CD4/CD8 lineage decisions in thymocytes
positive selection, but it does not determine their lineagewere a function of intracellular Lck activity, as introduc-
direction. Rather, lineage direction appears to be deter-tion of a transgene encoding active Lck promoted thy-
mined by the persistence or cessation of TCR signalingmocyte differentiation into CD41 T cells, whereas intro-
during intermediate stages of positive selection. In addi-duction of a transgene encoding a dominant-negative
tion, the present observations provide a straightforwardform of Lck promoted thymocyte differentiation into
explanation for the disproportionate number of CD41CD81 T cells (Hernandez-Hoyos et al., 2000; Legname
relative to CD81 T cells that are selected in the normalet al., 2000). Expression in developing thymocytes of an
thymus.active Lck transgene increases the amount of active Lck
present, making TCR signal transduction less depen-
Experimental Proceduresdent on the Lck associated with CD4/CD8 coreceptors.
Reciprocally, expression in developing thymocytes of a Mice
dominant-negative Lck transgene quantitatively de- C57BL/6 (B6) mice were purchased from Jackson Laboratory (Bar
Harbor, ME). CD8a0 mice were generously provided by Dr. Tak Makcreases the amount of active Lck present, making TCR
(Ontario Cancer Institute, Toronto, Ontario) and II0 mice by Dr. Lauriesignal transduction even more dependent on the Lck
Glimcher (Harvard University, Boston, MA), and both strains werecontributed by CD4/CD8 coreceptors. That is, quantita-
bred in our own facility. Mice transgenic for wild-type CD8a or wild-tive increases in active Lck make TCR signaling less
type CD8b were previously described (Bosselut et al., 2000). All mice
coreceptor dependent, and quantitative decreases in used in the present study were housed in a specific pathogen–free
active Lck make TCR signaling more coreceptor depen- facility and were cared for in accordance with National Institutes of
Health (NIH) guidelines.dent. In the kinetic signaling model, coreceptor-inde-
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Generation and Identification of Transgenic Mice and II0 mice, respectively; Larry Granger and Tony Adams for expert
flow cytometry; David Winkler for oligonucleotide synthesis andMutant CD8a derivatives were generated from cDNAs encoding
mouse CD4 and CD8a (Zamoyska et al., 1989) (a generous gift of Dr. DNA sequencing; and Jon Ashwell, Avinash Bhandoola, Richard
Hodes, Paul Love, and Dinah Singer for critically reading the manu-Jane Parnes, Stanford University, Stanford, CA), using conventional
cloning procedures. Amino acid sequence at the modified junctions script.
was as follows (single-letter code, a slash indicates the putative
boundary between the transmembrane and intracellular domains): Received October 11, 2000; revised February 15, 2001.
aa0, …IITLICYA/RSR; aa4, …IITLICYA/RCRHQQ…. Sequences of
all PCR-amplified and oligonucleotide-encoded regions were veri-
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